Abstract Skeletal muscles have defensive and regenerative systems to protect them from severe injury and/or fiber degeneration. Several stresses, including muscle-contraction during exercise and heat stress, induce the specific proteins named heat shock proteins (HSPs) or stress proteins. Many studies have shown that HSPs protect muscle from injury or stimulate repair of injured muscles. Injured or degenerated skeletal muscle fibers have the potential to recover to normal size and function. This regenerative ability of muscle fibers largely depends on a specific cell known as the satellite cell, which is located between the basal lamina and plasma membrane of the muscle fibers. Satellite cells are well known as muscle-specific stem cells and play crucial roles in muscle hypertrophy and fiber regeneration by activation, proliferation, differentiation, and fusion to the existing fibers, or by forming new myotubes in new growing fibers. This review focuses on the functional roles of heat shock proteins and also on the fiber regeneration process with activation of satellite cells in skeletal muscles.
Introduction
High intensity exercise that involves repeated eccentric contraction induces skeletal muscle damage via mechanical and oxidative stresses and subsequent activation of protease 1, 2) . It is well known that prior exercise training attenuates subsequent contraction-induced injury with acute high-intensity exercise in skeletal muscle. For example, prior training with either downhill or uphill running reduces myofiber injury following 90 min of downhill running, as well as an attenuation of the induced increment of glucose-6-phosphate dehydrogenase in muscle and creatine phosphokinase activity in plasma 3) . The acquisition of muscle tolerance to contraction-induced muscle damage, through exercise training, appears to be partially associated with molecular mechanisms that include chaperone functions of heat shock proteins (HSPs) as a defense system. On the other hand, injured muscle fibers require repair. Satellite cells have been considered as stem cells of skeletal muscle contributing to the regeneration of muscle fibers from an injured or denatured condition, and to hypertrophic responses of fibers by increasing the number of myonuclei through activation of the fusion process 4) . This review mainly focuses on HSP-related defense systems and regeneration, by satellite cells, in skeletal muscle.
HSPs in skeletal muscles
Multiple physiological stresses result in protein damage and misfolding of protein, leading to cellular injury and death, but cells have a number of protective systems to maintain their survival against environmental stresses. Many studies report that the family of HSPs, known as molecular chaperones, are highly conserved proteins that function to maintain intracellular homeostasis by facilitating correct folding of polypeptides, preserving muscle function, reducing cellular damage, and repairing injured cells [5] [6] [7] [8] [9] [10] [11] . HSPs are classified by their molecular weight: the most common HSPs are 110, 100, 90, 70, and 60 kDa, and smaller (10~40kDa). A 72 kDa stressinducible Hsp72 is one of the most prominent members of the HSP70 family, and has been widely studied in mammalian skeletal muscle. The expression level of Hsp72 is more abundant in slow-oxidative than fast-glycolytic muscle, and is elevated by increasing contractile activity of muscles with exercise, functional overload, and electrical stimulation, as well as heat stress 12, 13) . The responses of Hsp72 after 1h of heat stress (i.e., elevation of muscle temperature up to 42˚C for 1h) are different between the slow soleus and fast plantaris muscle of rat: Hsp72 in the soleus increased quickly at 0~4h after heat stress, while that in the plantaris increased more slowly at 24~48h after heat stress 12) . In human skeletal muscle, both exhaustive endurance exercise by cycling and resistance exercise with maximal eccentric repetitions *Correspondence: oishi@gpo.kumamoto-u.ac.jp markedly increased the level of Hsp72 expression 14) . Recently, it was reported that some HSPs protect muscle from injury and promote recovery from muscle damage [15] [16] [17] [18] . Miyabara et al. (2006) observed that the number of necrotic fiber disruptions induced by cryolesioning was significantly less in transgenic mice over-expressing Hsp72 compared with the wild-type mice 19) . Furthermore, it is also reported that skeletal muscle in transgenic mice over-expressing Hsp72 exhibits fewer damaged myofibers and a smaller deficit of force generation following severe lengthening contractions induced by electrical stimulation 15) . Together, these results suggest that the expression of molecular chaperone HSPs, including Hsp72, may play important roles in protection and repair of skeletal muscle from exercise-induced muscle damage.
Localization and adaptive enhancement of Hsp72 in skeletal muscle
The level of Hsp72 expression in skeletal muscle is fiber type-specific. The slow-oxidative muscle, predominantly composed of slow-twitch fibers, tends to exhibit greater amounts of Hsp72 than fast-non-oxidative muscle, predominantly composed of fast-twitch fibers. Hsp72 protein content positively correlates with type I myosin heavy chain (MHC) content in skeletal muscle 20) , which is found in greater amounts in muscle with slow-twitch fibers. Histochemical studies report that Hsp72 is constitutively expressed in slow-twitch fibers, but only slightly expressed or absent in fast-twitch fibers (Fig. 1) . Because slow-twitch fibers are frequently recruited in muscle contraction accompanied by mechanical stress, abundant expression of Hsp72 may function as a defense system in stressed muscle cells. In fact, increased neuromuscular activity, such as functional overload, involves the enhancement of several HSPs in rodent skeletal muscle [21] [22] [23] . Several studies report that prolonged exercise training increases several molecular chaperone proteins in skeletal muscle, including Hsp27, Hsp72 and GRP78 13, 24) . Interestingly, we reported that Hsp72 levels were increased by 2.1-fold 24h after acute running exercise, but expression returned to control level within two days in rat plantaris muscle 24) . On the other hand, levels of Hsp72 were increased by 4.5-fold over control at 2 days after prolonged running exercise training for 8 weeks; the enhancement was maintained for at least 14 days after an 8-week training period (Fig. 2) 24) . Thus, prolonged exercise training provides larger and longer enhancement of Hsp72 content than a single bout of acute exercise. In contrast, removing weight bearing by hindlimb unloading (HU) induces significant atrophy of hindlimb muscle, especially in the slow soleus muscle, concomitant with a fiber phenotypic shift from slow to fast and depression of Hsp72 content. Reloading after HU causes muscle size and fiber phenotype to return toward the control level with temporal overexpression of Hsp72 levels 25, 26) . Collectively, the levels of neuromuscular activity seem to affect the content of HSPs, especially Hsp72; and upregulation of Hsp72, in hindlimb muscles after enhanced neuromuscular activity, may be one of the adaptive cellular responses that provides cytoprotection to skeletal muscles.
Functional roles of HSPs for age-related muscle damage
An age-related decline of ~40% in the total number of muscle fibers, between ages 20 and 80 27) , is associated with age-related necrotic cell death and with failure of fiber regeneration, and occurs to a greater extent in fasttwitch than in slow-twitch fibers 28) . Aging is associated with an increased susceptibility to contraction-induced muscle damage; and disrupted fibers are observed more commonly in older muscle, suggesting less protection from damage than in younger muscle 28) . The lack of stress responses in aged muscles, i.e., the decline in the ability to synthesize HSPs, has been proposed as one of the major factors in age-related functional deficits [29] [30] [31] . The constitutive over-expression of HSPs contributes to protecting muscles from age-related dysfunction. For example, lifelong Hsp72 over-expression in transgenic old mice can depress age-related increases in lipid peroxidation, catalase activity, and protein carbonyls 16) . In addition, pharmacological enhancement of Hsp72, induced by 17-(allylamino)-17-demethoxygeldanamycin treatment, facilitates successful recovery of maximum tetanic force generation in aged skeletal muscle 28 days following lengthening muscle contraction 17) . This facilitation of recovery from contraction-induced damage is also found in older transgenic mice that over-express Hsp72 15) . The slow-twitch fibers containing constitutively high levels of Hsp72 are less susceptible to fiber injury, compared to fast-twitch fibers with low levels of Hsp72, during aging and/or following lengthening-contractile exercises 32) . Although it is unclear how HSPs provide protection in muscle fibers, Fu and Tupling (2009) showed that Hsp72 can skeletal muscle, examination of the relationship between mitochondrial dysfunction and HSPs would provide valuable information that could lead to the prevention of agerelated muscle dysfunction including fiber atrophy and/or sarcopenia.
Myosin heavy chain (MyHC) isoform and satellite cell activation in regenerating fibers: effects of heat stress
Muscle fibers have the potential to regenerate from severe injury and/or fiber degeneration by activating satellite cells 4) . Satellite cell activation, proliferation, and fusion to form myotubes occur within a few days after fiber degeneration, leading to the expression of contractile proteins such as myosin heavy chain (MyHC). Developmental embryonic and neonatal MyHC isoforms and adult fast type MyHC are initially expressed in regenerating fibers about 3-4 days into the regeneration process. Slow type adult MyHC isoforms are observed thereafter. Motor nerve activity seems important to the expression of slow MyHC isoforms. Jerkovic et al. (1997) reported that fast types IIA, IIX and IIB MyHC were observed by 4 days, but progressively decreased during days 5-7, concomitant with an increase in slow MyHC in rats regenerating soleus fibers with active motor nerve innervation 38) . This MyHC switching could not occur in regenerating fibers from denervated soleus; the fast MyHC isoforms continued to be expressed and no slow MyHC was observed. In addition, electrical stimulation (20Hz), similar to slow motor unit activity, induced slow MyHC isoforms in denervated soleus regenerating fibers, suggesting the crucial role of slow motor nerve activity for the expression of slow MyHC isoforms in regenerating fibers 39) . Recently, directly bind sarcoplasmic reticulum Ca 2+ -ATPase (SERCA2a), and that overexpression of Hsp72 in HEK-293 cells not only prevents thermal inactivation of SERCA2a, but also increases maximal SERCA2a activity during heat stress 33) . Hsp72 may protect muscle fibers either through direct interaction with organelles, or indirectly through suppression of oxidation.
It is well known that mitochondrial dysfunction is associated with the aging process 34) and that oxidative damage to mitochondrial DNA and proteins accumulates over time due to reactive oxygen species (ROS) produced by the electron transport chain. Segmental mitochondrial abnormalities containing mitochondrial DNA deletion mutations have been observed in aged skeletal muscle; and muscle fibers harboring mitochondrial mutations often display sectional atrophy, splitting, and increased steady-state levels of oxidative nucleic damage 35, 36) . Thus, age-related mitochondrial DNA mutations are a leading candidate to induce muscle fiber disruption and atrophy through ROS generation. Several mitochondrial HSPs, including Hsp10, Hsp60, and mtHsp70, are hypothesized to be responsible for protein transport, folding, refolding, and prevention of protein denaturation as molecular chaperones in the mitochondrial matrix 37) . Lifelong overexpression of mitochondrial Hsp10 in transgenic mice clearly prevents fiber atrophy and age-related decreases in maximum force generation normally observed in aged wild-type muscles 18) . In addition, the levels of carbonylated mitochondrial proteins were lower in transgenic mice than in wild-type mice, suggesting the preventive roles of Hsp10 in age-related muscle weakness and atrophy 18) . Although it is unclear how mitochondrial HSPs are related to the maintenance of mitochondrial DNA and proteins in 
Muscle fiber phenotype and calcineurin (CaN) activity
Calcineurin (CaN), a calcium/calmodulin-dependent serine/threonine phosphatase, is composed of a catalytic A subunit and a regulatory B subunit, and dephosphorylates the members of nuclear factor of activated T cells (NFAT) transcription factors, leading to their translocation to the nucleus 42) . In skeletal muscles, CaN appears to be involved with the regulation of slow fiber/MyHC phenotype expression, fiber differentiation and growth, and fiber regeneration. Friday et al. (2000; reported that CaN activity was required for the differentiation of skeletal muscle, possibly by activating MyoD and MEF2, both of which are in the muscle regulatory family of transcription factors 43, 44) . Delling et al. (2000) observed that interaction of CaN and MyoD enhanced the formation of myotubes and accelerated the expression of slow MyHC expression in cultured C2C12 and 10T1/2 cells 45) . Furthermore, in CaN-activated transgenic mice, the histochemically classified slow fibers were increased by 2-fold in the gastrocnemius muscle 46) . In rat plantaris muscle, functionally overloaded for 2 weeks, the fastest type IIb MyHC decreased, while fast types IIa and IIx and slow type I MyHCs significantly increased concomitant with it was also reported that the cross-sectional area (CSA) of regenerating fibers, 14 days after cardiotoxin injection, was smaller in mouse soleus muscle with hindlimb unloading for 14 days, than in cardiotoxin-injected soleus muscle with weight bearing. The delayed infiltration of macrophages and disturbance in activation and differentiation of satellite cells were observed in regenerating fibers in cardiotoxin-injected and hindlimb unloaded soleus muscle 40) . These results suggest that the activity of macrophages and activation of satellite cells are important for the growth of regenerating soleus fibers.
We reported that the CSA of regenerating fibers and the number of myonuclei was < (less than) 50% of the control value after 1-week of fiber regeneration 41) . At 2 weeks, the CSA and the number of myonuclei were still lower in regenerating fibers without heat stress compared with the controls, but were 22% larger and 45% greater, respectively, in heat-stressed regenerating fibers 41) . Heat stress also increased the number of activated satellite cells, analyzed by MyoD positive satellite cells, by 2-fold in heat-stressed regenerating fibers compared with the fibers without heat stress (Fig. 3) , suggesting that heat stress facilitates the recovery of regenerating fibers through the activation of satellite cells. the increase in Hsp72 (3.6-fold) and CaN (2.4-fold) 23) . In regenerating fibers, expression of the slow MyHC isoforms gradually increased during ~4 weeks of regeneration, accompanied by the increase in the CaN phosphatase activity in mouse soleus muscle; but these changes were depressed by the treatment with the CaN inhibitor cyclosporine A 47) . Similar inhibitory effects of cyclosporine A were also observed in rat soleus regenerating fibers, decreasing the slow MyHC mRNA and protein 6 weeks after fiber degeneration 48) . Serrano et al. (2001) suggest that, during the fiber regenerating process, CaN plays crucial roles in up-regulating the slow MyHC fiber/protein, switching fast-to-slow MyHC isoforms, and maintaining slow MyHC levels in rat soleus muscle 49) . Stupka et al. (2007) suggest that increased CaN activity accelerates the growth of regenerating fibers through the enhancement of satellite cell differentiation and fusion to form new myotubes 50) . In our recent paper, CaN content significantly decreased by 65% and 40%, respectively, compared to the control values at 1 and 2 weeks of fiber regeneration in rat soleus muscles. However, heat stress for 2 weeks up-regulated the CaN level of regenerating fibers in the soleus muscle similar to the control value, at which time heat stress-inducible Hsp72 was also up-regulated above the control levels 41) . Thus it may be possible that the interaction of heat stress-induced HSPs and CaN affects the expression of slow fiber phenotypes.
Conclusion
Skeletal muscle has high plasticity to increasing or decreasing neuromuscular activity and/or to recovering from injury or damage of muscle fibers. In this paper, we reviewed the functional roles of HSPs, satellite cells, and CaN activity in the skeletal muscle. It is considered that they act with each other, or with some another proteins, to maintain the total function and adaptive potential of mammalian skeletal muscles.
